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We study an extension of the Inert Doublet Model (IDM) that includes an extra
complex singlet of the scalars fields, which we call the IDMS. In this model there are
three Higgs particles, among them a SM-like Higgs particle, and the lightest neutral
scalar, from the inert sector, remains a viable dark matter candidate. We assume a
non-zero complex vacuum expectation value for the singlet, so that the visible sector
can introduce extra sources of CP violation. We construct the scalar potential of
IDMS, assuming an exact Z2 symmetry, with the new singlet being Z2-even, as well
as a softly broken U(1) symmetry, which allows a reduced number of free parameters
in the potential.
In this paper we explore the foundations of the model, in particular the masses
and interactions of scalar particles for a few benchmark scenarios. Constraints from
collider physics, in particular from the Higgs signal observed at LHC with Mh ≈ 125
GeV, as well as constraints from the dark matter experiments, such as relic density
measurements and direct detection limits, are included in the analysis. We observe
significant differences with respect to the IDM in relic density values from additional
annihilation channels, interference and resonance effects due to the extended Higgs
sector.
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2I. INTRODUCTION
After many years of expectations the LHC has found a Standard-Model-like (SM-like)
Higgs particle with a mass of Mh ≈ 125 GeV [1, 2]. Current analysis of LHC data has been
dedicated to the properties of this resonance, with the purpose of determining whether it
belongs to the SM or to one of its extensions. In the later case some deviations from the SM
predictions are expected. The LHC has also provided important bounds on the scale of new
physics beyond the SM, either through the search for new (probably heavy) particles or by
looking for deviations from the SM predictions of properties of the SM particles. Some of
the motivations for new physics are related to cosmology, in particular the problem of dark
matter (DM) or the baryon asymmetry of the Universe (BAU).
One of the simplest models for scalar dark matter is the Inert Doublet Model (IDM),
a version of a Two Higgs Doublet Model with an exact Z2 symmetry [3]. Here the SM
scalar (Higgs) sector is extended by an inert scalar doublet. This model can account for a
SM-like Higgs particle, and at the same time for the correct relic density of dark matter,
while fulfilling direct and indirect DM detection limits, while simultaneously agreeing with
the LHC results [see e.g. [4–9]].
Furthermore, the IDM can provide a strong first-order phase transition [10], which is a
desired condition needed to generate a baryon asymmetry of the Universe. However, the
IDM contains no additional source of CP violation with respect to the SM, and the only
CPV phase comes from the CKM matrix, as in the SM, which is known to be too small to
lead to the right amount of BAU.
In this paper we shall extend the IDM by including a complex scalar singlet χ, which
accompanies the SM-like Higgs doublet and inert doublet, denoted here by Φ1 and Φ2,
respectively. We shall call this model the IDMS (the IDM plus singlet). A complex non-
3zero vacuum expectation value for the singlet field is assumed. Our main aim is to study
general properties of the model, and to check its agreement with all existing Higgs- and DM
data. We expect that the extended Higgs sector will influence DM annihilation, as well as
its detection prospects, due to new CP-violating annihilation channels, interference between
new diagrams and resonance effects. Although a detailed investigation of the CP violating
effects is beyond the scope of this paper, we hope to lay the foundations for a model that
is consistent both from theoretical and phenomenological constraints, where such aspects
could be studied consistently in the future.
The content of this paper is as follows. Section II contains the presentation of the general
model, in particular its scalar potential. In section III we present in detail a constrained
version of our model, including positivity conditions, the mass eigenstates in the neutral and
charged sectors and study the parameter space of the model. Section IV contains an analysis
of Higgs couplings and a comparison with LHC data. In section V we present our study of
relic density for a dark matter candidate of the model, which is assumed to be the lightest
neutral Z2-odd scalar state. Conclusions are presented in section VI, where we also discuss
possible implications for neutrino physics. Detailed formulas, benchmark points and values
related to the LHC and dark matter analysis are presented in the appendices.
II. THE IDMS: THE IDM PLUS A COMPLEX SINGLET
We shall consider a Z2-symmetric model that contains a SM-like Higgs doublet Φ1, which
is involved in a generation of the masses of gauge bosons and fermions, as in the SM. There
is also an inert scalar doublet Φ2, which is odd under a Z2 symmetry. This Φ2 doublet
has VEV= 0 and can provide a stable dark matter candidate. Then, we have the neutral
complex singlet χ with hypercharge Y = 0 and a non-zero complex VEV.
The singlet χ can play several roles in models with two doublets and a singlet, leading to
4different scenarios. CP violation can be explicit, provided by the singlet interaction terms,
or spontaneous, if 〈χ〉 ∈ C.
The singlet χ could be even or odd under a Z2 symmetry, and it could mix with the
SM-like Higgs doublet and/or with the inert doublet. Furthermore, one could even use the
complex singlet to induce all sources of CP violation, including the SM one contained in the
CKM mixing matrix, as it was done in Ref. [11].
Here we shall take χ to be even under a Z2 transformation defined as:
Z2 : Φ1 → Φ1, Φ2 → −Φ2, SM fields→ SM fields, χ→ χ, (1)
and allow its mixing only with the neutral components of Φ1; furthermore, we shall consider
the case when the CP symmetry can be violated by a non-zero complex 〈χ〉.
The full Lagrangian of the model looks as follows:
L = LSMgf + Lscalar + LY (ψf ,Φ1) , Lscalar = T − V , (2)
where LSMgf describes boson-fermion interaction as in the SM, Lscalar describes the scalar
sector of the model, and LY (ψf ,Φ1) – the Yukawa interaction. The kinetic term in Lscalar
has the standard form:
T = (DµΦ1)
† (DµΦ1) + (DµΦ2)
† (DµΦ2) + ∂χ∂χ∗, (3)
with Dµ being a covariant derivative for an SU(2) doublet.
We take the Yukawa interaction in the form of the Model I in the 2HDM, where only Φ1
couples to fermions.
Within our model the scalar singlet χ does not couple with the SM fermions and therefore
the singlet-fermion interaction are present only through mixing of singlet with the first
doublet Φ1.
5In our model only Z2-even fields Φ1 and χ acquire vacuum expectation values, which
we denote by v and weiξ, respectively, where v, w, ξ ∈ R. We shall use the following field
decomposition around the vacuum state (v, 0, weiξ):
Φ1 =
(
φ+1
1√
2
(v + φ1 + iφ6)
)
, Φ2 =
(
φ+2
1√
2
(φ4 + iφ5)
)
, (4)
χ = 1√
2
(weiξ + φ2 + iφ3). (5)
Thus, the Z2 symmetry (1) is not violated spontaneously. Also, U(1)EM is not broken,
and there is no mixing between the neutral and charged components. Masses of gauge bosons
and fermions are given by the VEV of the first doublet as in the SM, e.g M2W = g
2v2/4 for
the W boson.
The full scalar potential of the model can be written as
V = VIDM + VS + VDS, (6)
where we have separated the pure doublet and the pure singlet parts (respectively VIDM and
VS) and their interaction term (VDS). The IDM part of the potential, VIDM , is given by:
VIDM = −12
[
m211Φ
†
1Φ1 +m
2
22Φ
†
2Φ2
]
+ 1
2
[
λ1
(
Φ†1Φ1
)2
+ λ2
(
Φ†2Φ2
)2]
+λ3
(
Φ†1Φ1
)(
Φ†2Φ2
)
+ λ4
(
Φ†1Φ2
)(
Φ†2Φ1
)
+ λ5
2
[(
Φ†1Φ2
)2
+
(
Φ†2Φ1
)2]
.
(7)
The general singlet part of the potential is equal to:
VS = −m
2
3
2
χ∗χ− m24
2
(χ∗2 + χ2) + λs1(χ∗χ)2 + λs2(χ∗χ)(χ∗2 + χ2) + λs3(χ4 + χ∗4)
+κ1(χ+ χ
∗) + κ2(χ3 + χ∗3) + κ3(χ(χ∗χ) + χ∗(χ∗χ)).
(8)
The doublet-singlet interaction terms are:
VDS = Λ1(Φ
†
1Φ1)(χ
∗χ) + Λ2(Φ
†
2Φ2)(χ
∗χ) + Λ3(Φ
†
1Φ1)(χ
∗2 + χ2) + Λ4(Φ
†
2Φ2)(χ
∗2 + χ2)
+κ4(Φ
†
1Φ1)(χ+ χ
∗) + κ5(Φ
†
2Φ2)(χ+ χ
∗).
(9)
6We assume that all parameters of V (6) are real, and it is not difficult to see that the
potential is explicitly invariant under a CP transformation Φ1,2 → Φ†1,2, χ→ χ?.
As V is Z2-symmetric and the chosen vacuum state (4,5) will not spontaneously break
this symmetry, the problem of cosmological domain walls will not arise in this model. In
total, there are four quadratic parameters, twelve dimensionless quartic parameters and five
dimensionful parameters κ1,2,3,4,5. The linear term κ1 can be removed by a translation of the
singlet field, and we will omit it below.
One could reduce this general model by invoking additional symmetries besides the im-
posed Z2 one (see e.g. [12–19] for various symmetry assignments). In particular, to simplify
the model one can apply a global U(1) symmetry, as we discuss below. Here only the scalars
from the inert doublet may be considered as dark matter candidate - in contrast to the
fermion singlet being charged, see [20]. Similarly, had we chosen to assign a Z2-odd quan-
tum number also to χ (or if singlet was odd under an additional Z ′2 symmetry), it would
have also resulted in a variant of the model with a simplified potential, where all terms with
an odd number of field χ would be absent. Obviously, in those cases having a Z2 (or Z
′
2)
symmetric vacuum state would require 〈χ〉 = 0, and thus there would be no additional CP
violation in the model.
III. THE CONSTRAINED IDMS: CIDMS
We will reduce the most general IDMS potential (6-9) by imposing a global U(1) symme-
try:
U(1) : Φ1 → Φ1, Φ2 → Φ2, χ→ eiαχ. (10)
However, a non-zero VEV 〈χ〉 would lead to a spontaneous breaking of this continuous
symmetry and appearance of massless Nambu-Goldstone scalar particles, which are not
7phenomenologically viable. Keeping some U(1)-soft-breaking terms in the potential would
solve this problem and at the same time would still lead to a reduction of the number of
parameters in V .
The parameters of the IDMS potential can be divided into the following groups:
1. U(1)-symmetric terms: m211,m
2
22,m
2
3, λ1,2,3,4,5, λs1,Λ1,2,
2. U(1)-soft-breaking terms1: m24, κ2,3, κ4,5,
3. U(1)-hard-breaking terms λs2, λs3,Λ3,4.
In what follows we shall consider a potential with soft-breaking of the U(1) symmetry
by the singlet cubic terms κ2,3 and quadratic term m
2
4 only, neglecting the remaining ones
(κ4,5). We recall that Φ1 is the SM-like Higgs doublet responsible for the EW symmetry
breaking and for providing masses of gauge bosons and fermions. In addition, we want to
use it as a portal for DM interactions with the visible sector, as in the IDM. We shall assume
therefore that there is no direct coupling of Φ2 to χ, thus setting the U(1)-invariant term
Λ2 = 0. The field χ shall then interact with the DM particles only through mixing with the
neutral component of Φ1.
We are therefore left with the following U(1)-symmetric terms (m211,m
2
22,m
2
3, λ1−5, λs1,Λ1)
and U(1)-soft-breaking terms (m24, κ2,3).
We shall call our model, the model with this choice of parameters, cIDMS. The cIDMS
1 Recall that κ1 can be removed from (6) by translation of χ.
8potential is then given by:
V = −1
2
[
m211Φ
†
1Φ1 +m
2
22Φ
†
2Φ2
]
+ 1
2
[
λ1
(
Φ†1Φ1
)2
+ λ2
(
Φ†2Φ2
)2]
+λ3
(
Φ†1Φ1
)(
Φ†2Φ2
)
+ λ4
(
Φ†1Φ2
)(
Φ†2Φ1
)
+ λ5
2
[(
Φ†1Φ2
)2
+
(
Φ†2Φ1
)2]
−m23
2
χ∗χ+ λs1(χ∗χ)2 + Λ1(Φ
†
1Φ1)(χ
∗χ)
−m24
2
(χ∗2 + χ2) + κ2(χ3 + χ∗3) + κ3[χ(χ∗χ) + χ∗(χ∗χ)].
(11)
A. Comments about parameter choice
Once the potential (6) is restricted only to U(1)-symmetric or U(1)-soft-breaking terms, no
more terms will be generated when we move beyond tree-level. For our choice of parameters,
the cIDMS, we assume that some of U(1)-symmetric or U(1)-soft-breaking terms are set
manually to zero. One may ask these terms will remain zero, or if they will be generated
at loop level. Indeed, it turns out that some terms we neglected, namely κ4 and Λ2 are
generated already at the 1-loop level, with their β functions being proportional to 1
16pi2
and
product of Λ1 and λ3 and, respectively, a combination of λ4, κ3 [21].
This shows that our parameter choice is not protected against loop corrections, which
was expected, as those terms are allowed by the symmetry we chose to consider. However, it
is important to notice that loop contributions for both κ4 and Λ1 depend on the parameter
Λ1, i.e. the mixing parameter between Φ1 and χ. In our analysis we chose scenarios where
this parameter is small, leading to the Higgs particle being SM-like, which is a favoured
interpretation of current LHC data.2
One can notice also that if κ3 is equal to zero, then both κ4 and Λ2 remain zero also at
2 The linear term, with β function ∝ 1/16pi2(m23κ3 +m24(3κ2 +κ3)), even if removed by translation of fields
at tree-level, appears when we include loop corrections. The resulting tadpole diagram can be interpreted
as the shift in vacuum energy. If κ1 is kept non-zero at tree-level, one can remove it consistently at every
loop level [22]. In any case, this term is not relevant for the presented work.
9loop level. This, and other parameter choices, are left for the future work [23].
B. Positivity conditions
In order to have a stable minimum, the parameters of the potential need to satisfy pos-
itivity conditions. Namely, the potential should be bounded from below, i.e. should not
go to negative infinity for large field values. As this behaviour is dominated by the quartic
terms, the cubic terms will not play a role here. Thus the following conditions will apply to
a variety of models that will differ only by their cubic interactions.
We use the method of [24], which uses the concept of co-positivity for a matrix build of
coefficients in the field directions. For the cIDMS, the positivity conditions read:
λ1, λ2, λs1 ≥ 0, λ¯12 = λ3 + θ[−λ4 + |λ5|](λ4 − |λ5|) +
√
λ1λ2 > 0,
λ¯1S = Λ1 +
√
2λ1λs1 > 0,
1
2
√
λ1λ2λs1 + [λ3 + θ[−λ4 + |λ5|](λ4 − |λ5|)]
√
λs1 + Λ1
√
λ2
2
+
√
λ¯12λ¯1Sλ¯2S > 0,
(12)
where λ¯2S =
√
2λ2λs1 > 0.
C. Extremum conditions
It is useful to re-express dimensionful parameters κ2,3 in terms of the dimensionless pa-
rameters ρ2,3 (we consider them being of order O(1)) as:
κ2,3 = wρ2,3, (13)
with w being an absolute value of the singlet VEV.
The minimization conditions lead to the following constraints for three quadratic param-
10
eters from V (11):
m211 = w
2Λ1 + v
2λ1, (14)
m23 = v
2Λ1 + 2w
2λs1 +
w2√
2 cos ξ
(−3ρ2 + 3ρ3 + 2ρ3 cos 2ξ), (15)
m24 =
w2
2
√
2 cos ξ
(3ρ2 + ρ3 + 6ρ2 cos 2ξ). (16)
The m222 parameter is not determined by the extremum conditions, just like in the IDM.
The squared-mass matrix M2ij, for i, j = 1, ...6, is given by:
M2ij =
∂2V
∂φiφj
∣∣∣∣
Φi=〈Φi〉,χ=〈χ〉
, (17)
with φi being the respective fields from the decomposition (4,5). This definition along with
the normalization defined in (4,5) gives the proper mass terms of M2ϕϕ
+ϕ− for the charged
scalar fields, and
M2ϕ
2
ϕ2 for the neutral scalar fields.
D. Comments on vacuum stability
The tree-level positivity conditions (12), which ensure the existence of a global minimum,
correspond to λ > 0 in the Standard Model. It is well known, that radiative corrections
coming from the top quark contribution can lead to negative values of the Higgs self-coupling,
resulting in the instability of the SM vacuum for larger energy scales. Full analysis of the
stability of the cIDMS potential beyond tree-level is beyond the scope of this paper. However,
it has been shown in a simple approach based on the tree-level condition for vacuum stability
that for the IDM the contributions from additional scalar states will in general lead to the
relaxation of the stability bound at high energies and allow the IDM to be valid up to the
Planck scale Ref. [7]. Since cIDMS contains two more scalar states, in principle this condition
should hold here as well. However, one should keep in mind that a treatment within the
effective potential approach is needed in order to study this aspect in detail.
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E. Mass eigenstates
1. The neutral sector
The form of the neutral part of the squared-mass matrix (17) for φi, (i = 1, ..., 6) allows
us to identify the physical states and their properties:
M2 =

M2mix(3×3) 0(3×3)
0(3×3)
M2H 0 0
0 M2A 0
0 0 0
 (18)
As there is no mixing between four Z2-even fields φ1,2,3,6, and two Z2-odd fields φ4,5, we can
divide the particle content of the model into two separate sectors: the Z2-even sector, called
the Higgs sector, and the Z2-odd sector, called the inert sector. Below we list the particle
content of the neutral sector:
1. The Goldstone field, GZ = φ6, is a purely imaginary part of the first doublet Φ1.
2. There is a mixing between the singlet χ and the real neutral fields of Φ1 (namely
φ1, φ2 and φ3) resulting in three neutral scalars h1, h2, h3. Due to the non-zero phase
of the singlet VEV (weiξ) the fields h1, h2, h3 are composed of states of different CP
properties. Therefore among the possible vertices there are vertices like ZZhi and all
hi particles couple to fermions. Masses of the these Higgs particles depend only on the
following parameters of the potential: λ1,Λ1, ρ2,3, λs1.
3. In the inert sector the dark matter candidate from the IDM is stable and it is the
lighter of the two neutral components of Φ2 (φ4 or φ5), which we identify as the scalar
particles H and A. Masses of those particles are just like in the IDM:
M2H =
1
2
(−m222 + v2λ345), H = φ4, (19)
M2A =
1
2
(−m222 + v2λ−345), A = φ5, (20)
12
where λ345 = λ3 + λ4 + λ5, λ
−
345 = λ3 + λ4 − λ5. Notice, that the IDM relation for
masses still holds:
λ5 =
M2H −M2A
v2
. (21)
If λ5 < 0 then H, as a neutral lighter state, is our dark matter candidate. Since Z2
symmetry is exact in our model, the Z2-odd particles have limited gauge and scalar
interactions (they interact in pairs only) and they do not couple to fermions. Masses of
inert particles (also charged scalars) depend only on λ3,4,5 and m
2
22. These parameters
do not influence masses of the Higgs particles from the Z2-even sector. In that sense,
the masses of particles from the Higgs and inert sectors can be studied separately. On
this level, the only connection between parameters from these two sectors is through
the positivity constraints. As in the IDM, λ2 does not influence the mass sector and
it appears only as a quartic coupling between the Z2-odd particles.
2. The charged sector
The Z2-odd charged scalar H
± comes solely from the second doublet, as in the IDM; its
mass is given by
M2H± =
1
2
(−m222 + v2λ3). (22)
Notice, that the mass relations for the Z2-odd sector from the IDM hold, namely
M2H = M
2
H± +
v2(λ4 + λ5)
2
, M2A = M
2
H± +
v2(λ4 − λ5)
2
. (23)
The neutral particle H is a DM candidate, therefore λ4 + λ5 < 0, resulting in MH < MH± .
If we allow an additional mixing between Φ2 and χ through a non-zero Λ2,4 and ρ5 then
the squared-mass formulas are modified as M2H,A,H± → M2H,A,H± + ∆, with ∆ = 12w2(Λ2 +
2Λ4 cos 2ξ + 2
√
2ρ5 cos ξ). Still, the IDM relations (21) and (23) hold.
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F. Physical states in the Higgs sector
The mass matrix that describes the singlet-doublet mixing, in the basis of neutral fields
(φ1, φ2, φ3), is given by:
M2mix =
 µ11 µ12 µ13µ12 µ22 µ23
µ13 µ23 µ33
 , (24)
where matrix elements µij are
µ11 = λ1v
2, (25)
µ12 = wvΛ1 cos ξ, (26)
µ13 = wvΛ1 sin ξ, (27)
µ22 =
w2
2 cos ξ
(
3
√
2ρ2 +
√
2ρ3(1 + 2 cos 2ξ) + λs1(3 cos ξ + cos 3ξ)
)
, (28)
µ23 = w
2
(√
2(−3ρ2 + ρ3) + 2λs1 cos ξ
)
sin ξ, (29)
µ33 = 2w
2 sin2 ξλs1. (30)
Only when Λ1 6= 0 and w, sin ξ 6= 0, there is a mixing between states of different CP
properties φ1 or φ2 and φ3 (entries µ13 and µ23 respectively).
Diagonalization of M2mix (24) gives the mass eigenstates, which can be also obtained by
the rotation of the field basis: h1h2
h3
 = R
 φ1φ2
φ3
 , M˜2 = RM2mixRT = diag(M2h1 ,M2h2 ,M2h3). (31)
The rotation matrix R = R1R2R3 in principle depends on three mixing angles (α1, α2, α3).
The individual rotation matrices are given by (here and below ci = cosαi, si = sinαi):
R1 =
 c1 s1 0−s1 c1 0
0 0 1
 , R2 =
 c2 0 s20 1 0
−s2 0 c2
 , (32)
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and
R3 =
 1 0 00 c3 s3
0 −s3 c3
 . (33)
All αi vary over an interval of length pi. The full rotation matrix depends on the mixing
angles in the following way:
R = R1R2R3 =
 c1c2 c3s1 − c1s2s3 c1c3s2 + s1s3−c2s1 c1c3 + s1s2s3 −c3s1s2 + c1s3
−s2 −c2s3 c2c3
 . (34)
The inverse of R can be used to obtain the reverse relation between hi and φi:
R−1 =
 c1c2 −c2s1 −s2c3s1 − c1s2s3 c1c3 + s1s2s3 −c2s3
c1c3s2 + s1s3 −c3s1s2 + c1s3 c2c3
 . (35)
The two important relations can be read from these rotation matrices, namely:
h1 = c1c2φ1 + (c3s1 − c1s2s3)φ2 + (c1c3s2 + s1s3)φ3 (36)
and
φ1 = c1c2h1 − c2s1h2 − s2h3. (37)
The above equations describe the composition of the SM-like Higgs boson h1, in terms of
real components φ1 and φ2, which provide a CP-even part, as well as the φ3 component –
CP-odd one. Equivalently, one can look at it as the modification of the real component of
the SM-like Higgs doublet Φ1 from the cIDMS with respect to the SM and the IDM.
Especially important is the first element both in R and R−1 equal to:
R11 = R
−1
11 = c1c2. (38)
This matrix element gives the relative modification of the interaction of the Higgs boson (h1)
with respect to the IDM, and will be important both in the LHC analysis (section IV), and
in the DM studies (sec. V).
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G. Parameter space in the Higgs sector
In what follows we shall numerically analyze the allowed regions of the parameter space
of our model. In scans the positivity (12) and perturbativity conditions, where all quartic
parameters in the potential are taken to be below 1, are fulfilled.
As LHC data is favouring a SM-like interpretation of the observed 125 GeV Higgs signal,
we shall require that the lightest neutral Higgs state comes predominantly from the doublet
Φ1. If there was no Φ1 − χ mixing, then the SM-like Higgs boson’s mass would have been
given by M2h1 = v
2λ1 ⇒ λ1 ≈ 0.23 (for v = 246 GeV). We are going to consider the variation
of λ1 in range:
0.2 < λ1 < 0.3, (39)
and demand that the mass of the lightest Higgs particle h1 lies in range
3:
Mh1 ∈ [124.69, 125.37] GeV. (40)
The additional two Higgs scalars are heavier, we take
Mh3 > Mh2 > 150 GeV. (41)
Remaining parameters of the Higgs sector change in the following ranges:
−1 < Λ1 < 1, 0 < λs1 < 1, −1 < ρ2,3 < 1, 0 < ξ < 2pi. (42)
The parameters describing the inert sector, i.e. λ2−5,m222, do not directly influence values
of masses of Higgs particles (24-30). One must remember however, that allowed values of
λ2−5 are related to the ranges of Higgs parameters through the positivity constraints (12).
3 The considered mass range [124.69, 125,37] GeV is in the 2σ range in agreement with the newest LHC
data [25, 26] for the Higgs mass.
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In the scans, inert parameters change in the range allowed by the perturbativity constraints,
with H being the DM candidate (see sec. III H):
0 < λ2 < 1, −1 < λ3,4 < 1, −1 < λ5 < 0. (43)
We performed the scanning for w ∼ v = 246 GeV, in particular for w =
300, 500, 1000 GeV. However, after noting that the results do not depend strongly on the ex-
act value of this parameter, we opted here to present results with plots only for w = 300 GeV.
In figures 1,2 and 3 correlations between parameters of the potential related to the Higgs
sector are shown.
• Fig. 1a and 2a show the allowed regions in the planes (λs1,Λ1) and (λs1, ρ2). Notice the
limited range of Λ1 and the lower limit for λs1 ∼ 0.1. Both limits are arising from the mass
ranges used in the scan. The positivity condition leads to the lower bound on the negative
Λ1 only, however it is much weaker than the constraints coming from the assumed limits on
masses.
(a) (λs1,Λ1) (b) (Λ1, ξ)
Figure 1: Correlations between parameters in the Higgs sector. Results of scanning for
w = 300 GeV, with ranges of parameters defined by eqs. (39-42).
• Results of scanning presented in Figs. 1a, 1b and 2a show that the range of Λ1 is limited
with respect to the initial assumptions (42), and that good solutions require |Λ1| . 0.25.
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Recall that this parameter describes mixing between Φ1 and χ, effectively giving the non-SM
contribution to the SM-like Higgs doublet.
• There is no correlation between ρ2 and ρ3, what is seen on Fig. 2b, where points in the
(ρ2, ρ3) plane are almost uniformly distributed.
(a) (λs1, ρ2) (b) (ρ2, ρ3)
Figure 2: Correlations between parameters in the Higgs sector. Results of scanning for
w = 300 GeV, with ranges of parameters defined by eqs. (39-42).
• There is a correlation between a sign of ρ2 (but not of ρ3) and the value of ξ as
presented in Fig. 3a and Fig. 3b, respectively. This correlation is related to the positivity
of M2h2 – by taking a wrong assignment of (ρ2, ξ) pair, e.g. pi/2 < ξ < 3pi/2 and ρ2 > 0, we
end up with negative Mh2 .
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(a) (ρ2, ξ) (b) (ρ3, ξ)
Figure 3: Correlations between parameters in the Higgs sector. Results of scanning for
w = 300 GeV, with ranges of parameters defined by eqs. (39-42).
• ξ was initially varied in range [0, 2pi]. We found that there is a symmetry in the planes
for reflection with respect to ξ ∼ pi, as seen in Figs. 1b, 3a and Fig. 3b. Therefore, remaining
analysis in this paper is limited to values of ξ ∈ [0, pi] without affecting the results.
In figures 4– 6 masses of Higgs particles as a function of some parameters are shown. In
our model, after we expressed the terms κi in terms of ρi, we have two mass scales (v and w),
and thus the masses of the Higgs particles h1, h2, h3 would be given by such values modulo
mixing effects. This can be seen by taking the trace of the mass matrix (eq. 24), which is
given by the sum of eqs. (25), (28) and (30) and it is also equal to the sum of the mass
squared. The values of the masses h2, h3 will get closer or depart from the mass scales v, w
depending on the size of the mixing entries of the mass matrix.
• Fig. 4 displays Mh2,h3 versus λs1. We can notice that the dependence of Mh2 on
parameter λs1 reflects the dependence on Λ1, which governs the mixing in the neutral sector
(elements 12 and 13 of mass matrix M2mix). From Fig. 1a it is clear that larger |Λ1| is possible
for larger λs1. Then, the maximum allowed value of Mh2 is related to the perturbativity
condition imposed over λs1 : for λs1 = 0.2 we can expect masses in range 150 < Mh2 <200
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GeV, while for λs1 = 1 the upper limit goes up to about 430 GeV. On the other hand, the
allowed values for the mass of h3 are higher than for h2 , 170 GeV < Mh3 <O(10 TeV), and
are almost independent of λs1, see Fig. 4b for the mass of h3 up to mass 2000 GeV..
(a) (λs1,Mh2) (b) (λs1,Mh3)
Figure 4: Correlations between parameters in the Higgs sector. Results of scanning for
w = 300 GeV, with ranges of parameters defined by eqs. (39-42).
• Fig. 5 displays Mh2 , Mh3 versus ρ2. Now the allowed range for the mass of h2 is almost
independent of ρ2 and is given by 150 < Mh2 < 430 GeV, while the allowed masses for h3
go from 170 < Mh3 < 2000 GeV for ρ2 = 0, and are reduced to 600 < Mh3 < 2000 GeV for
ρ2 = ±1. Notice the seagull-like shape for the lower limit for Mh3 , but not for Mh2 .
(a) (ρ2,Mh2) (b) (ρ2,Mh3)
Figure 5: Correlations between parameters in the Higgs sector. Results of scanning for
w = 300 GeV, with ranges of parameters defined by eqs. (39-42).
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• Fig. 6 displays Mh2 , Mh3 versus ξ. Here we observe a symmetry for reflection at
ξ ∼ pi/2. The allowed range, which is 150 < Mh2 < 200 GeV for ξ = 0.5, extends up to
150 < Mh2 < 430 GeV for ξ = 1.6. Very high mass values for h3 can be obtained for ξ ∼ pi/2
(up to 2 TeV). The trace of the mass matrix also help us to understand the larger value
of M2h3 for values of ξ → pi/2, which comes essentially from the factor 1cos ξ that appears in
eq.(28).
(a) (ξ,Mh2) (b) (ξ,Mh3)
Figure 6: Correlations between parameters in the Higgs sector. Results of scanning for
w = 300 GeV, with ranges of parameters defined by eqs. (39-42).
H. Parameter space in the inert sector
As discussed in section III E 1, the masses of Z2-odd particles are given by a separate set
of parameters than those of Z2-even particles, which were analyzed in the previous subsec-
tion. Here for the inert sector, three quartic parameters, λ3,4,5, and one quadratic parameter
m222, are relevant. The remaining quartic parameter, λ2, appears only in the quartic in-
teraction of Z2-odd particles and is therefore not constrained by the analysis of the mass
spectrum. However, we expect that – as in the IDM – combined unitarity, perturbativity and
global minimum conditions may provide constraints for this, otherwise practically unlimited,
21
parameter [27].
The masses of Z2-odd scalars, and therefore parameters of the potential given by relations
(21) and (23), are already constrained by experimental and theoretical results.
1. The LEP studies of invisible decays of Z and W± gauge bosons require that there is
no decay of W± or Z into inert particles, which gives the following limits [28, 29]:
MH± +MH,A > MW± , MH +MA > MZ , 2MH± > MZ . (44)
2. Searches for charginos and neutralinos at LEP have been translated into limits of region
of masses in the IDM [29] excluding
MA −MH > 8 GeV if MH < 80 GeV ∧MA < 100 GeV. (45)
We shall adopt the same limit for inert particles in the studied cIDMS.
3. Note that, as in the IDM, the value of MH± provides limits for m
2
22, which is not
constrained by the extremum conditions. Demanding that M2H± > 0 results in m
2
22 <
λ3v
2, which for discussed range of −1 ≤ λ3 ≤ 1 reduces to m222 < v2. This constraint is
modified by taking account of the ”model-independent” limit from LEP for the charged
scalar mass [30]:
MH± > 70− 90 GeV⇒ m222 . 5 · 104 GeV2 (46)
Fig. 7 shows the correlation between the charged-scalar mass and m222. Large values
of MH± correspond to large values of −m222.
22
Figure 7: Charged scalar mass MH± as a function of m
2
22.
4. Mass splittings between the Z2-odd particles are given by combinations of λ4 and λ5,
which are constrained by the perturbativity conditions. If we demand that |λ3,4,5| < 1
then in the heavy mass regime all particles will have similar masses, as they are all
driven to high scales by the value of −m222 (23). This is visible in Fig. 8. Notice that
mass splitting of the order of 200 GeV is allowed only for the lighter particles.
(a) (MA,MH) (b) (MH± ,MH)
Figure 8: (a) Relation between MH and MA. (b) Relation between MH and MH± . Both
correlations for random scanning with |λ3,4,5| < 1 and |m222| < 106 GeV2.
5. Electroweak precision measurements provide strong constraints for New Physics be-
yond the SM. In particular, additional particles may introduce important radiative
corrections to gauge boson propagators. These corrections can be parameterized by
the oblique parameters S, T and U . The value of these parameters will be influenced
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both by the presence of extra (heavy) Higgses present in the cIDMS and by inert parti-
cles H±, H and A. T is sensitive to the isospin violation, i.e. it measures the difference
between the new physics contributions of neutral and charged current processes at low
energies, while S gives new physics contributions to neutral current processes at dif-
ferent energy scales. U is generally small in New Physics models. The latest values of
the oblique parameters, determined from a fit with reference mass-values of top and
Higgs boson Mt,ref = 173 GeV and Mh,ref = 125 GeV are [31]:
S = 0.05± 0.11, T = 0.09± 0.13, U = 0.01± 0.11. (47)
In our work we have checked the compatibility of our benchmark points with the 3σ
bounds on S and T , following the method described in [32]. For detailed formulas
see Appendix B. Specific values for given sets of parameters are presented in Table II
in Appendix D. In general, we took the IDM results as the guidance points for our
analysis, and found that indeed the cIDMS represents the same behaviour: additional
heavy particles, including the heavy Higgses, can be accommodated in the model
without violating EWPT constraints.
6. Measurements of invisible decays of the SM-like Higgs at the LHC set very strong
constraints on Higgs-portal type of DM models [see e.g. [33] and detailed use of
constraints in [8] for the IDM, or [34] for the 3HDM]. In general, a DM candidate
with mass below approximately 53 GeV annihilating mainly into bb¯ through the Higgs
exchange cannot be in agreement with the LHC limits and relic density constraints.
The remaining region, 53 GeV .MH . 62.5 GeV, corresponds to the Higgs-resonance,
and the tree-level behaviour is roughly the same in all Higgs-portal-type DM models. In
principle, calculations in this region require loop corrections both for the annihilation
cross-section, and the scattering cross-section, which is beyond the scope of this work.
Therefore, in our analysis we will focus on MH > Mh1/2, and comment on the region
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MH < Mh1/2 in sections IV and V for completeness.
7. For MH > Mh1/2, where h1 is the SM-like Higgs particle, all invisible decay channels
are closed and the most important LHC constraint is now the measured value of h→ γγ
signal strength, which will be discussed in detail in the next section.
Further constraints for the DM candidate H come obviously from astrophysical measure-
ments of DM relic density, and direct and indirect detection. Those will be discussed in
section V.
IV. LHC CONSTRAINTS ON HIGGS PARAMETERS IN THE CIDMS
A. Higgs signal strength in the cIDMS
Further constraints on the parameters of our model (cIDMS) can be obtained by com-
paring the light Higgs signal (h1), and the one arising from the SM, with the LHC results.
This is done by introducing the following signal strength:
RXX = σ(gg → h1)
σ(gg → φSM)
BR(h1 → XX)
BR(φSM → XX) , (48)
for X = γ, Z, ..., assuming the gluon fusion is the dominant Higgs production channel at the
LHC and the narrow-width approximation. The expression for RXX reduces to:
RXX = Γ(h1 → gg)
Γ(φSM → gg)
BR(h1 → XX)
BR(φSM → XX) . (49)
In our model the couplings of the lightest Higgs particle (h1) with vector bosons and top
quark get modified, as compared with the SM, only by a factor R11 (where R11 is the (11)
element of R−1 defined by (38)). Thus we can write the Higgs (h1) decay width into gluons
as follows:
Γ(h1 → gg) = R211Γ(φSM → gg). (50)
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Similarly, for the Higgs boson decay into vector bosons (V = Z,W ) we have
Γ(h1 → V V ∗) = R211Γ(φSM → V V ∗). (51)
The one-loop coupling of h1 to photons receives contributions mainly from the W boson
and top quark, as well as the charged scalar H± from the inert sector, so the amplitude can
be written as4:
A(h1 → γγ) = R11(ASMW + ASMt ) + AH± , (52)
and similar expression for the amplitude A describing h1 → Zγ, see Appendix A.
Therefore, the decay widths into two photons and into a photon plus a Z boson, are given,
respectively, by
Γ(h1 → γγ) = R211|1 + η1|2Γ(φSM → γγ), (53)
Γ(h1 → Zγ) = R211|1 + η2|2Γ(φSM → Zγ), (54)
where
η1 =
gh1H+H−v
2R11M2H±
(
AH±
ASMW + A
SM
t
)
, η2 =
gh1H+H−v
2R11M2H±
( AH±
ASMW +ASMt
)
. (55)
The triple coupling λh1H+H− is given by
gh1H+H− = vλ3R11, (56)
meaning it is also modified with respect to the IDM by a factor of R11.
In the total width of the SM Higgs boson we can neglect the contributions coming from the
Higgs decay into Zγ and γγ.5 The total Higgs decay width in the cIDMS can be significantly
4 See Appendix A and references therein for more details.
5 Bear in mind that this approximation is established in order to obtain some analytical expressions for the
corresponding ratios, Rγγ , RZγ and RZZ whose results will guide our dark matter analysis.
26
modified with respect to the SM if h1 can decay invisibly into inert particles. The partial
decay width for the invisible channels h1 → ϕϕ, where ϕ = A,H, is:
Γinv = Γ(h1 → ϕϕ) =
g2h1ϕϕ
32piMh1
(
1− 4M
2
ϕ
M2h1
)1/2
, (57)
with
gh1AA = λ
−
345vR11 and gh1HH = λ345vR11.
Therefore, in regions of masses where Higgs-invisible decays could take place, the total width
of the Higgs boson in the cIDMS is given by
Γtot ≈ R211ΓSMtot + Γinv. (58)
Finally, the signal strengths from Eq.(49) can be written as follows,
RZZ = R211ζ−1, Rγγ = R211|1 + η1|2ζ−1, RZγ = R211|1 + η2|2ζ−1, (59)
where ζ is defined as
ζ ≡ 1 + Γinv
R211Γ
SM
tot
. (60)
For the cIDMS case R11 = c1c2, where c1 = cosα1 and c2 = cosα2 are defined by the
rotation angles in the scalar sector, Eq.(34), and thus
RZZ = c21c22ζ−1, Rγγ = c21c22|1 + η1|2ζ−1, RZγ = c21c22|1 + η2|2ζ−1. (61)
Notice that there is a limit on RZZ , i.e. RZZ ≤ 1. It is not possible to enhance this
decay with respect to the SM. Rγγ and RZγ can be bigger than 1 if there is a constructive
interference between the SM and the cIDMS contributions.
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B. Numerical analysis of the Higgs signal strenghts
Following the discussion in sections III G and III H we scan over parameter space in ranges:
0.2 ≤ λ1 ≤ 0.3, −1 ≤ Λ1, λ3,4, ρ2,3 ≤ 1, 0 ≤ ξ ≤ pi,
0 < λs1 < 1, 0 < λ2 < 1, −1 < λ5 < 0, (62)
− 106( GeV)2 < m222 < 5 · 104( GeV)2.
with v = 246 GeV and w = 300 GeV.
From Fig. 9 it is clear the ratios Rγγ, RZγ and RZZ can present deviations from the
SM value up to 20%. Fig. 9a shows the correlation between Rγγ and RZγ, while Fig. 9b
correspond to Rγγ and RZZ .
(a) (Rγγ ,RZγ) (b) (Rγγ ,RZZ)
Figure 9: (a) Correlation between Rγγ and RZγ. (b) Correlation between Rγγ and RZZ .
If Rγγ < 1 then both RZγ and RZZ are correlated with Rγγ, Rγγ ∼ RZγ and Rγγ ∼ RZZ .
Notice that there is a possibility of enhancement of both Rγγ and RZγ. This is in agreement
with the IDM, where a correlation between enhancement in γγ and Zγ channels exists [35].
Note that the upper limit for MH± comes from the lower limit for m
2
22 from set (62)
Rγγ and RZγ as functions of MH± are shown in Fig. 10a and Fig. 10b, respectively For
smaller masses of the charged scalar there is a possibility of enhancement of both Rγγ and
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RZγ. For heavier MH± the maximum values tend to the SM value, however deviation up to
20 %, i.e. Rγγ,Zγ ≈ 0.8, is possible. Note that the situation is similar to the one from the
IDM, where significant enhancement, e.g. Rγγ = 1.2 , was possible only if MH± . 150 GeV,
and for heavier masses Rγγ → 1 [35].
(a) (MH± ,Rγγ) (b) (MH± ,RZγ)
Figure 10: (a) Rγγ as function of MH± . (b) RZγ as function of MH± ..
(a) (MH ,Rγγ) (b) (MH ,RZγ)
Figure 11: (a) Rγγ as function of MH . (b) RZγ as function of MH .
A similar result is presented in Fig. 12, which depicts Rγγ as function of the dimensionful
parameter m222. Significant enhancement is possible only for small values of |m222|, which
correspond to small values of MH± . For large negative values of m
2
22, i.e. heavy masses
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of all Z2-odd scalars, the preferred value of Rγγ is close to the SM value. Then the heavy
particles effectively decouple from the SM sector and their influence on the SM observables
is minimal, as expected. This effect it also visible in the IDM.
Figure 12: Rγγ as function of m222.
C. Comment on invisible Higgs decays
As mentioned in section III H measurement of Higgs invisible decays is a powerful tool to
constrain models with additional scalar particles, which couple to the SM-like Higgs h1 and
have masses smaller than Mh1/2. The partial decay width of Higgs into invisible particles,
for example a DM candidate from the cIDMS, is given by (57), and therefore depends on
the DM candidate’s mass and its coupling to the Higgs.
The cIDMS acts here as a standard Higgs-portal type of DM model and we obtain results
known already for the IDM. Figure 13 shows the permitted range of parameter λ345, as a
function of mass of MH , assuming that Br(h1 → inv) is smaller than 0.37 (which is the
value from ATLAS, denoted by dashed line [36]) and 0.20 (which is the value coming from
global fit analysis, solid line [37]).6
6 This can be treated as a limit for DM-Higgs coupling in the cIDMS, as gHHh1 = c1c2λ345, with c1c2 ≈ 0.99
for all considered SM-like scenarios in the paper.
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Figure 13: Constraints for λ345 from measurements of Higgs invisible decays branching ratio,
with the assumption that only h1 → HH channel is open. Solid line: Br(h→ inv) = 0.20,
dashed line: Br(h→ inv) = 0.37.
If we demand that Br(h1 → inv) < 0.37 allowed region of DM-Higgs coupling is |λ345| .
0.02 for mass MH below ∼ 30 GeV. For Br(h1 → inv) < 0.20 we obtain |λ345| . 0.015. This
limit will be combined with the relic density measurements in section V and it will provide
strong constrain, comparable with the one obtained from DM direct detection searches, for
low DM mass region.
In Fig. 14a we see that for a 20% deviation of Rγγ from (below) the SM model value,
the invisible branching ratio is actually Br(h1 → inv) < 0.20. On the other hand, Fig. 14b
shows that when the invisible channels are open, the dimensionless parameter |λ345| should
be small (as mentioned above) in order to get an invisible branching ratio below 20%. In
both figures the horizontal line at Br(h1 → inv) = 0.20 should be understood as a reference
point, so that all the points above it are ruled out by current experiment results.
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(a) (b)
Figure 14: (a) Br(h1 → inv) as a function of Rγγ. (b) Br(h1 → inv) as a function of λ345.
In both panels, all the points above Br(h1 → inv) = 0.2 are ruled out by current experiment
results.
V. DARK MATTER IN THE CIDMS
In this section we will discuss properties of DM in the model. Because we can treat
the cIDMS as an extension of the IDM, we will start with the brief description of DM
phenomenology of the later. In both models H is a DM candidate if λ5 < 0. In the IDM the
DM annihilation channels that are dominant for the DM relic density are HH → h→ ff¯ for
MH . MW and HH → WW and HH → h → WW for MH & MW . If the mass splittings
MA−MH or MH± −MH are small then the coannihilation channels HA(H±)→ Z(W±)→
ff ′ also play an important role.
The regions of masses and couplings that correspond to the proper relic density have
been studied in many papers (see e.g. [5, 6, 28, 38–41]). In general, there are four regions
of DM mass where the measured relic density can be reproduced: light DM particles with
mass below 10 GeV, medium mass regime of 50− 80 GeV with two distinctive regions: with
or without coannihilation of H with the neutral Z2-odd particle A, medium mass region
80 − 150 GeV with very large mass splittings, and heavy DM of mass larger than roughly
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550 GeV, where all inert particles have almost degenerate masses and so coannihilation
processes between all inert particles are crucial. These regions are further constrained or
excluded (as it is the case with the low DM mass region) by direct and indirect detection
experiments, and by the LHC data (see e.g. [7–9, 42, 43] for recent results).
Adding the singlet field χ changes this picture, although certain properties of the IDM
persist. In our model there is no direct coupling between the inert doublet Φ2 and the singlet
χ, and the only interaction is through mixing of χ with the first doublet Φ1. This means,
that the inert particles’ interaction with gauge bosons is like in the IDM, while the inert
scalars-Higgs boson interaction changes with respect to the IDM. The IDM Higgs particle
h corresponds in our case to φ1, so h → φ1, where φ1 = β1h1 + β2h2 + β3h3 is given by the
mixing parameters in (37, with β1 = c1c2 ), and obviously
∑3
i=1 β
2
i = 1. (The IDM case
corresponds to β2,3 → 0). The important processes for the cIDMS are now:
HH → hi → ff¯ , HH → hi → WW (ZZ), (63)
HH → WW, (64)
HA(H±)→ Z(W±)→ ff ′, (65)
with couplings ghiHH = βig
IDM
hHH , ghiff¯ = βig
IDM
hff¯
, with gIDMhXX being the respective couplings
of h to HH and ff¯ in the IDM. Following sum rules hold:
3∑
i=1
g2hiHH = (g
IDM
hHH)
2 = λ2345,
3∑
i=1
ghiff¯ = (g
IDM
hff¯ )
2. (66)
Since both ghiHH and ghiff¯ have an extra βi coefficient with respect to the IDM, the
rate for Higgs-mediated processes (63) will change by β2i . If we are to consider an IDM-like
case with β2,3  β1 then we could expect to reproduce results for the IDM. However, the
interference between diagrams may be in principle important, and as our analysis shows,
they do influence the results. Notice also, that since CP symmetry is not preserved in this
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model, additional channels like HH → hi → Zhj can appear and significantly change the
relic density value if DM particle is heavy enough.
A. DM constraints
The masses of inert scalars, including the DM candidate, are constrained in cIDMS, like
in the IDM, by various experimental limits. Collider constraints for inert particles were
discussed in section III H, below we present results and limits from dedicated dark matter
experiments.
1. We expect the relic density of H to be in agreement with Planck data [44]:
ΩDMh
2 = 0.1199± 0.0027, (67)
which leads to the 3σ bound:
0.1118 < ΩDMh
2 < 0.128. (68)
If a DM candidate fulfils this requirement, then it constitutes 100 % of dark matter in
the Universe. A DM candidate with ΩDMh
2 smaller than the observed value is allowed,
however in this case one needs to extend the model to have more DM candidates to
complement the missing relic density. Regions of the parameter space corresponding
to value of ΩDMh
2 larger than the Planck upper limit are excluded. In this work
calculation of ΩDMh
2 was performed with an aid of micrOMEGAs 3.5 [45]. In these
calculations all (co)annihilation channels are included, with states with up to two
virtual gauge bosons allowed.
2. The strongest constraints for light DM annihilating into bb or ττ from indirect detection
experiments are provided by the measurements of the gamma-ray flux from Dwarf
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Spheroidal Galaxies by the Fermi-LAT satellite, ruling out the canonical cross-section
〈σv〉 ≈ 3× 10−26 cm3/s for MDM . 100 GeV [46].
For the heavier DM candidates PAMELA and Fermi-LAT experiments provide similar
limits of 〈σv〉 ≈ 10−25 cm3/s for MDM = 200 GeV in the bb, ττ or WW channels
[47]. H.E.S.S. measurements of signal coming from the Galactic Centre set limits of
〈σv〉 ≈ 10−25 − 10−24 cm3/s for masses up to TeV scale [48].
3. Current strongest upper limit on the spin independent (SI) scattering cross section of
DM particles on nuclei σDM−N is provided by the LUX experiment [49]:
σDM−N < 7.6× 10−46 cm2 for MDM = 33 GeV. (69)
B. Benchmarks
In this section we discuss properties of DM for chosen benchmarks in agreement with
constraints from LHC/LEP:
A1: Mh1 = 124.83 GeV, Mh2 = 194.46 GeV, Mh3 = 239.99 GeV, (70)
A2: Mh1 = 124.85 GeV, Mh2 = 288.16 GeV, Mh3 = 572.25 GeV, (71)
A3: Mh1 = 125.01 GeV, Mh2 = 301.41 GeV, Mh3 = 1344.01 GeV, (72)
A4: Mh1 = 125.36 GeV, Mh2 = 149.89 GeV, Mh3 = 473.95 GeV. (73)
By choosing values of Mh1,h2,h3 we determine parameters from the Higgs sector:
λ1, λs1,Λ1, ρ2, ρ3, ξ, as discussed in sec.III G. The corresponding values of parameters of the
potential for each benchmark are presented in Appendix C.
The above values were chosen to illustrate different possible scenarios:
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• For A1 all Higgs particles are relatively light, although only one, the SM-like Higgs h1,
is lighter than 2MW .
• Cases A2 and A3 are similar to A1; the important difference is the value of Mh3 , which
is significantly heavier, and of the order of 500 GeV or 1 TeV, respectively.
• In scenario A4 there are two Higgs particles that have mass below 2MW : h1 (the
SM-like Higgs) and h2.
We treat 2MW as the distinguishing value because two Higgs particles of masses smaller
than 2MW influence the DM phenomenology by introducing another resonance region in the
medium DM mass regime.
Below we shall discuss properties of DM for the listed benchmark points. In this paper
we focus on three different mass regions7:
1. light DM mass: 50 GeV < MH < Mh1/2 with MA = MH + 50 GeV,MH± = MH +
55 GeV,
2. medium DM mass: Mh1/2 < MH < MW with MA = MH + 50 GeV,MH± = MH +
55 GeV,
3. heavy DM mass: MH & 500 GeV with MA = MH± = MH + 1 GeV,
which are based on studies of the IDM. These mass splittings are in agreement with all
collider constraints, including the EWPT limits, for all studied benchmark points (see Table
II in Appendix D for exact values).
7 Very light DM particle from the IDM with MH . 10 GeV is excluded by combined relic density and
Higgs-invisible decay limits from the LHC [8].
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We are not going to address the possibility of accidental cancellations in region MW <
MH < 160 − 200 GeV [40], leaving it for the future work. Note however, that this region
could in principle be modified with respect to the IDM in benchmarks A2 and A3.
C. Light DM
In this work we define the light DM region as 50 GeV < MH < 62 GeV. As mentioned in
section III H and IV, the SM-like Higgs particle can decay invisibly into a HH pair (or also
into AA, if we allow MA < Mh1/2). Measurements of invisible decays strongly constrain the
value of the DM-Higgs coupling, which in case of cIDMS is c1c2λ345.
The results presented in this section were obtained for benchmark A1. Other benchmarks
were also tested and they provide no noticeable change in the results. In all considered
benchmarks β1 = c1c2 ≈ 1 and the main annihilation channel of DM particles is HH →
h1 → bb¯, regardless of the values of Mh2 and Mh3 .
In the Fig. 15 the relation between ΩDMh
2 and MH is presented, for a few chosen
values of λ345. As discussed before, |λ345| ∼ 0.015 − 0.02 is the boundary value which is
in agreement with LHC limits for Br(h → inv). From Fig. 15 one can see that this value
gives the proper relic density for masses of the order of 53 GeV, which is a result that had
been previously obtained for One- and Two-Inert Doublet Models [8, 34]. This value of the
coupling for masses below 53 GeV results in a relic density well above the Planck limits,
which leads to overclosing of the Universe. For these smaller masses, to obtain a proper
relic density, one needs to enhance the DM annihilation by taking a bigger value of coupling
(|λ345 ∼ 0.05, 0.07|), which at the same time will lead to the enhanced Higgs invisible decays
and this is not in agreement with the LHC results. For masses bigger than 53 GeV coupling
corresponding to the proper relic abundance gets smaller (|λ345| ∼ 0.002), fitting into LHC
constraints.
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As discussed in section IV, if the Higgs can decay invisibly, its total decay width is strongly
affected with respect to the SM, and therefore it is not possible to obtain enhancement in
the Higgs di-photon decay channel, i.e. Rγγ < 1, see Fig. 11. This was confirmed by a
direct check we performed, and the detailed values are presented in the Appendix D in Table
III. The maximum allowed value of Rγγ for parameters which are in agreement both with
the relic density constraints, and with the LHC invisible branching ratio limits, is between
Rγγ ≈ 0.85− 0.91 for benchmarks A1-A3. It is interesting to note, that for benchmark A4,
i.e. the one with two relatively light Higgs particles, the results are different, here Rγγ differs
from the SM value by more than 20%. This is an important difference, because for light DM
particles calculation of relic density does not depend on the chosen benchmark.
Similar situation happens with values of RZγ, which are close to the SM value for bench-
marks A1-A3 (depending on the values of parameters one can obtain both an enhancement
or a suppression with respect to RZγ = 1), however for benchmark A4 this channel is sup-
pressed by more than 20 %.
Recent indirect detection results from Fermi-LAT provide strong constraints for DM can-
didate annihilating into bb¯ pair [46] and are crucial for the low DM mass region. The scalar
Higgs-portal type of DM with proper relic density and MH . 53 GeV is ruled out [50].
Heavier masses correspond to the smaller cross-section O(10−28 − 10−27)cm3/s. This region
is also in agreement with direct detection limits from LUX [49]. Therefore, the only region
of low DM mass consistent with all current experimental constraints is the Higgs-resonance
region of 53 GeV .MH . 62.5 GeV.
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Figure 15: Values of DM relic density (ΩDMh
2) with respect to DM mass (MH) for chosen
values of λ345 parameter, for benchmark A1. Horizontal lines represent 3σ Planck bounds,
region above is excluded, in region below additional DM candidate is needed to complement
missing DM relic density. Calculations done for MA = MH + 50 GeV,MH± = MH + 55 GeV,
however exact values of those parameters do not influence the output, as the coannihilation
effects are surpressed.
D. Medium DM
In this section we focus on the medium mass region from the cIDMS, i.e. masses of DM
candidate between Mh1/2 ≈ 62 GeV and MW ≈ 83 GeV.
Figures 16a-16c show the behaviour of relic density with respect to λ345 for masses of
dark matter candidate changing between Mh1/2 and MW , for chosen cIDMS benchmark
points A1-A3 (Fig. 16a) and A4 (Fig. 16b). The results for the IDM are well known in
the literature; we have included them for comparison in Fig. 16c. There is a near-resonance
region, MH ∼ Mh/2, symmetric around λ345 ≈ 0. Larger DM masses correspond to greater
annihilation into gauge bosons. The interference between diagrams HH → h→ V V ∼ λ345g
and HH → V V ∼ g2 depends on the sign of λ345 and causes asymmetry with respect to
λ345 = 0. Also, the increased annihilation rate leads to the lowered relic density.
This behaviour is repeated by benchmark points A1-A3 of cIDMS, where both additional
Higgs particles are heavier than 2MW . However, one can see that the presence of these
additional states is non-negligible. It is important to stress that even for β2,3  β1, i.e. the
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case that was supposed to be close to the IDM, the impact of three Higgs states on the value
of relic density is significant. In general, the annihilation of DM particles is enhanced and
therefore the relic density for a given mass is lower with respect to DM candidate from the
IDM. This means, that in the cIDMS for the masses of DM candidate bigger than 79 GeV
relic density is below the Planck limit, while for the IDM masses of up to 83 GeV can be in
agreement with the measured value.
A new phenomena with respect to the IDM can happen if one of the extra Higgs bosons
is lighter than 2MW , which is the case for benchmark A4. As the mass of DM candidate
gets closer to this h2-resonance, i.e. MDM & 70 GeV, the effective annihilation cross-section
increases, resulting in the relic density below the observed value. Clearly, the annihilation
rate is enhanced and dominated by the Higgs-type exchange through h2 (note the symmetric
distribution around λ345 = 0), in contrast to the previously discussed cases, whereas for the
heavier masses the annihilation into gauge bosons is starting to dominate, therefore pushing
the good region towards negative values of λ345.
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Figure 16: Relation between DM relic density ΩDMh
2 and λ345 for chosen values of MH
for (a) benchmark A2, (b) benchmark A4, (c) the IDM. Horizontal lines represent Planck
limits for ΩDMh
2 = 0.1199 ± 3σ, region above is excluded. Calculations done for MA =
MH + 50 GeV,MH± = MH + 55 GeV, however exact values of those parameters do not
influence the output, as the coannihilation effects are surpressed.
The difference between benchmarks is even more striking if one studies good regions
of relic density in the plane (MH , λ345), as presented in Fig. 17. For cases A1-A3 the
behaviour follows that of the IDM, with the corresponding couplings being slightly smaller.
Nevertheless, the scenario is repeated and one can clearly see the shift towards negative
values of λ345. In case of benchmark A4 the situation is completely different; not only the
mass range is significantly reduced with respect to the previous cases and the IDM, but also
the values of coupling are much smaller, concentrated symmetrically around zero.
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Figure 17: Relic density constraints on the mass of the DM candidate and its coupling to
SM Higgs boson, with the white and gray regions representing too low (not excluded, but
an additional DM candidate needs to be added to the model) and too high (excluded) relic
abundance, respectively. Red and blue regions corresponds to relic density in agreement
with Planck measurements for benchmark A2 and A4, respectively.
The cIDMS, as other scalar DM models, can be strongly constrained by results of direct
detection experiments. The current strongest limits come from LUX experiment, and are
presented in Fig. 18. There are also results of calculation of DM-nucleus scattering cross-
section, σDM,N for the benchmark points discussed in this section. Red regions denote
benchmarks A1-A3, with two separate regions corresponding to two asymmetric branches
from Fig.17. Notice the decrease in cross-section for MH ≈ 72 GeV, where good relic density
is obtained for λ345 ≈ 0. Blue region in Fig. 18 corresponds to benchmark A4. which is
symmetric around λ345 = 0 and therefore there is only one branch visible in Fig. 18. The
difference between those two groups is clear. In case of benchmark A4, the coupling is usually
much smaller than in cases A1-A3, therefore the resulting cross-section will be also smaller8,
8 Recall that the DM scattering off nuclei is mediated by the Higgs particles, h1, h2, h3, therefore the strength
of this scattering will directly depend on the value of DM-Higgs couplings.
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falling well below the current experimental limits. However, most of the medium DM mass
region is within the reach of future DM direct detection experiments, like XENON1T [52]
(see Fig.18).
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MH[GeV]
10-46
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10-47
10-43
10-44
10-45
σDM,N[cm2]
A4
A1
LUX
XENON 1T
Figure 18: Direct detection constraints for considered benchmarks (A1-A3: red , A4: blue).
All points are in agreement with relic density measurements and collider constraints. Black
solid line: upper LUX limit, black dashed line: projected XENON1T limit.
Recent Fermi-LAT results will constrain the medium mass region, although in the less
stringent way than in case of the standard Higgs-portal DM model. Region just above the
Higgs-resonance will be excluded by the indirect detection results, as the main annihilation
channel for DM candidate is annihilation into bb¯ pair of the order of 10−26cm3/s. For heavier
masses, i.e. MH & 66 GeV annihilation into gauge bosons starts to be of the same order as the
bb¯, and then quickly dominates over all other annihilation channels. The annihilation cross-
section gets smaller, of the order of 10−27cm3/s. This applies for all studied benchmarks.
Therefore, most of the medium DM mass region is in agreement with the current indirect
detection limits.
LHC analysis provides us with further constraints for the studied region. For benchmarks
A1-A4 values of Rγγ and RZγ are within the ATLAS & CMS experimental uncertainties,
with the preferred value ofRγγ andRZγ below 1. The value of these signal strengths depends
on the exact values of parameters and an enhancement is possible, but not automatic. All
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values are listed in Table IV in Appendix D.
Case A4 differs from the other three benchmarks because of the presence of an extra light
Higgs particle. For points that have good relic density, allowed values of Rγγ are close to
Rγγ ≈ 0.75, with RZγ also below 1, namely RZγ ∼ 0.79 (see the Table IV in Appendix D).
Recall however, that in contrast with the low DM mass region, here the difference between
two groups of benchmarks is visible already for calculations of DM relic density.
E. Heavy DM
In the heavy mass regime all inert particles have similar masses, because of perturbativity
limits for self-couplings λi. Those masses are driven by the value of m
2
22, which can reach
large negative values. Therefore, the mass splittings given by combination of λ4,5 are small.
In this analysis we choose them to be:
MA = MH± = MH + 1 GeV. (74)
Fig. 19 presents the relation between relic density ΩDMh
2 and DM-Higgs coupling λ345
for benchmarks A1 and A3, for fixed values of DM mass. The difference between A1 and
A3 lies in the fact that for benchmark A3 there is one very heavy Higgs particle. Note
however, that the obtained results are very similar, and a very small difference is visible only
for masses MH ∼ 625− 650 GeV ∼ Mh3/2. For heavy masses the 4-vertex annihilation and
coannihilation channels into gauge bosons dominate the annihilation cross-section, therefore
the contribution from additional Higgs states is not nearly as relevant as it was for the
medium mass region. Therefore we conclude that the presence of heavy Higgs particles of
different masses does not differentiate between the cases.
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Figure 19: Heavy DM candidate: relation between relic density and DM-Higgs coupling λ345
for benchmarks A1 (dashed lines) and A3 (solid lines) for chosen values of MH . Results for
A2 and A4 are equivalent to A1. Horizontal lines denote 3σ Planck limits.
It is interesting to note, that this region of masses is more similar to the low DM mass
region, than to the medium mass region. Although all benchmarks result in the very similar
values of ΩDMh
2, just like for the light DM, there is a difference when it comes to Rγγ and
RZγ. Again, for cases A1-A3 the preferred value of Rγγ is bigger, this time tending towards
the close neighbourhood of 1. For case A4 resulting values are smaller, close to Rγγ = 0.8.
Detailed values are presented in Table V in Appendix D.
Heavy DM candidate from the cIDMS is in agreement with the current DM direct detec-
tion limits from LUX, with the average DM-nucleus scattering cross-section of the order of
10−46cm2. This region is within range of the future XENON1T experiment. Further con-
straints for the parameter space of the heavy DM candidate come from the indirect detection
experiments, and they provide a complementary way to constrain the region. Analysis per-
formed in [42, 43] shows that the H.E.S.S. experiment can already test the parameter space
of the IDM, which in the heavy mass region is similar to the cIDMS. Also, the upcoming
Cherenkov Telescope Array will be able to probe a significant part of the high mass regime
of the models like the IDM or the cIDMS, excluding masses of DM candidate up to 800 GeV.
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VI. CONCLUSIONS AND OUTLOOK
In this work we have studied the cIDMS – an extension of the Standard Model, namely
a Z2 symmetric Two-Higgs Doublet Model with a complex singlet. This model, apart from
having a Z2-odd scalar doublet, which may provide a good DM candidate, contains a complex
singlet with a non-zero complex VEV, which can bring additional sources of CP violation.
This is a feature that is missing from the IDM.
Within the model different scenarios can be realized. We have focused on the case where
the SM-like Higgs particle, existence of which has been confirmed by the ATLAS and CMS
experiments at the LHC, comes predominantly from the first, SM-like doublet, with a small
modification coming from the singlet. In addition to the SM-like Higgs there are two other
Higgs particles, and their presence can strongly influence Higgs and DM phenomenology.
We constrain our model by comparing the properties of the light Higgs particle (h1) from
the cIDMS with the one arising from the SM. LHC results provide limits for the Higgs-decay
signal strengths, in particular h1 → γγ. There are correlations Rγγ ∼ RZγ and Rγγ ∼ RZZ .
The maximum value for h1 → ZZ signal strength is 1. For smaller masses of the charged
scalar there is a possibility of enhancement of both Rγγ and RZγ. For heavier MH± the
maximum values tend to the SM value. Rγγ and RZγ can be bigger than 1 if there is
constructive interference between the SM and the cIDMS contributions. Notice, that this
enhancement is possible simultaneously as in the IDM, i.e. there is a correlation between
enhancement in γγ and Zγ channels.
The cIDMS can provide a good DM candidate, which is in agreement with the current
experimental results. The low DM mass region, which we define as masses of H below Mh1/2,
reproduces behaviour of known Higgs-portal DM models, like the IDM. For MH . 53 GeV it
is not possible to fulfil LHC constraints for the Higgs invisible decay branching ratio and relic
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density measurements at the same time. For 53 GeV .MH . 63 GeV we are in the resonance
region of enhanced annihilation with very small coupling λ345 corresponding to proper relic
density. This region is in agreement with collider and DM direct detection constraints,
however we expect the loop corrections to play an important role here. It is important
to stress that, while DM phenomenology does not depend on the chosen benchmark point
(A1-A4), there is a difference when it comes to the LHC observables. Values of Rγγ for
benchmark A4 are smaller than in all other cases, being always below 1.
For heavier DM mass, the mere presence of heavier Higgs particles changes the annihila-
tion rate of DM particles. Our studies show that the annihilation cross-section is enhanced
with respect to the IDM and therefore relic density in the cIDMS is usually lower than for
the corresponding point in the IDM. This is the case both in medium and heavy DM mass
region.
The most striking change with respect to the IDM arises in the relic density analysis
with the possibility of having an additional resonance region if the mass of one of additional
Higgs particles is smaller than 2MW . For our chosen benchmark points it happens in case
A4. Corresponding DM-Higgs couplings, and therefore the resulting DM-nucleus scattering-
cross-section constrained by results of direct detection experiments, are much smaller for A4
than for other benchmark points. This point, however, results in the much smaller values of
Rγγ and RZγ. These values are on the edge of 20 % difference with respect to the SM value,
and – while not being yet excluded by the experiments within current experimental errors,
they are not favoured. For other studied benchmark points, both relic density calculations,
and the LHC observables, do not depend very strongly on the exact values of masses of Higgs
particles. Preferred values of Rγγ are of the order of 0.95.
In the heavy mass region all inert particles are heavier than the particles from the SM
sector and the impact on the Higgs phenomenology can be minimal. For example, this is
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the region where Rγγ is the closest to the SM value.
Significant modification of our model with respect to the IDM, is the possibility of having
additional source of CP violation. In a CP-conserving Higgs sector, only real components
of Higgs multiplets would couple to vector boson pairs (e.g. hiZZ, hiW
+W−). In the CP-
conserving 2HDM with a real singlet model we would have two CP-conserving neutral states,
h1, h2, that couple to V V pair. In a CP-violating Higgs sector, as is the case of cIDMS, there
is mixing between the real and imaginary parts of Higgs multiplets, resulting in all three
states h1, h2 and h3 coupling to V V pairs. LHC constraints, which make h1V V couplings
so SM-like, suggest the corresponding couplings of h2 and h3 would be small.
Further CP violating effects may appear in the fermionic sector, when the general Yukawa
coupling is modified by the CP-violating phases. However, by construction only Φ1 couples
to fermions (up-, down-type quarks and charged leptons), and such effects are not present,
except maybe in the neutrino sector.
Therefore we suggest the only possible signal of CP violation would come from scalar
interactions arising from the Higgs potential, and in particular those proportional to param-
eters κ2 or κ3. It may be necessary to study the triple interactions from the Higgs potential,
in order to identify 3-point coupling of the type hihjhk, which would only appear when there
is CP violation present in the model.
The purpose of this paper was to find general properties of the model, which allows for
additional source of CP violation, at the same time being in agreement with all existing
collider data, especially on Higgs sector, and dedicated dark matter experiments. Further
investigation is needed to establish the amount of CP violation provided by the model, which
is our plan for the future work.
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Appendix A: Decays h→ γγ and h→ Zγ
The decay width, Γ(h→ γγ), in the IDMS model is given by, [35, 51],
Γ(h→ γγ) = R211|1 + η1|2Γ(φSM → γγ). (A1)
Then the ratio Rγγ turns out,
Rγγ = R211|1 + η1|2, (A2)
where
η1 =
gh1H+H−v
2R11M2H±
(
AH±
ASMW + A
SM
t
)
. (A3)
The form factors for this decay are,
AH± = A0
(
4M2H±
M2h1
)
,
ASMt =
4
3
A1/2
(
4M2t
M2h1
)
, (A4)
ASMW = A1
(
4M2W
M2h1
)
,
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where,
A1/2(τ) = 2τ [1 + (1− τ)f(τ)] ,
A1(τ) = − [2 + 3τ + 3τ(2− τ)f(τ)] , (A5)
A0(τ) = −τ [1− τf(τ)] ,
and
f(τ) =
 arcsin
2(1/
√
τ) for τ ≥ 1
−1
4
(
log 1+
√
1−τ
1−√1−τ − ipi
)2
for τ < 1.
(A6)
The decay width, Γ(h→ Zγ), in the IDMS model is given by,
Γ(h→ Zγ) = R211|1 + η2|2Γ(φSM → Zγ) (A7)
and the ratio for this process turns out,
RZγ = R211|1 + η2|2, (A8)
where
η2 =
gh1H+H−v
2R11MH±
( AH±
ASMW +ASMt
)
, (A9)
AH± = −(1− 2 sin
2 θW )
cos θW
I1
(
4M2H±
M2h
,
4M2H±
M2Z
)
,
ASMt = 2
(1− 8
3
sin2 θW )
cos θW
Ah1/2
(
4M2t
M2h
,
4M2t
M2Z
)
,
ASMW = Ah1
(
4M2W
M2h
,
4M2W
M2Z
)
, (A10)
Ah1/2(τ, λ) = I1(τ, λ)− I2(τ, λ),
Ah1(τ, λ) = cos θW
{
4
(
3− sin
2 θW
cos2 θW
)
I2(τ, λ) +
[(
1 +
2
τ
)
sin2 θW
cos2 θW
−
(
5 +
2
τ
)]
I1(τ, λ)
}
,
I1(τ, λ) =
τλ
2(τ − λ) +
τ 2λ2
2(τ − λ)2 [f(τ)− f(λ)] +
τ 2λ
(τ − λ)2
[
g(τ−1)− g(λ−1)] ,
I2(τ, λ) = − τλ
2(τ − λ) [f(τ)− f(λ)] , (A11)
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and
g(τ) =

√
1
τ
− 1 arcsin√τ for τ ≤ 1√
1− 1
τ
2
(
log
1+
√
1−1/τ
1−
√
1−1/τ − ipi
)
if τ > 1.
(A12)
Appendix B: Oblique parameters
To study contributions to oblique parameters in the cIDMS we use the method presented
in [32]. There are 6 neutral fields (including a Goldstone boson), related to the physical
fields h1−3, H,A through:
 ϕ1 + iG0H + iA
ϕ2 + iϕ3
 = V

G0
h1
H
A
h2
h3

, (B1)
The 3× 6 rotation matrix V is given by
V =
 i R11 0 0 R21 R310 0 1 i 0 0
0 R12 + iR13 0 0 R22 + iR23 R32 + iR33
 , (B2)
where Rij are the elements of the inverse rotation matrix defined in section III F.
Charged sector contains only a pair of charged scalars H± from doublet Φ2.
S and T parameters in the cIDMS are given by:
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T =
g2
64pi2M2Wαem
{
F (M2H± ,M
2
H) + F (M
2
H± ,M
2
A)− F (M2H ,M2A)
−(R12R23 −R13R22)2F (M2h1 ,M2h2)
−(R12R33 −R13R32)2F (M2h1 ,M2h3)− (R22R33 −R32R32)2F (M2h2 ,M2h3) (B3)
+3(R11)
2(F (M2Z ,M
2
h1
)− F (M2W ,M2h1))− 3(F (M2Z ,M2href )− F (M2W ,M2href ))
+3(R21)
2(F (M2Z ,M
2
h2
)− F (M2W ,M2h2)) + 3(R31)2(F (M2Z ,M2h3)− F (M2W ,M2h3))
}
and
S =
g2
384pi2C2w
{
(2s2w − 1)2G(M2H± ,M2H± ,M2Z) +G(M2H ,M2A,M2Z)
+(R12R23 −R13R22)2G(M2h1 ,M2h2 ,M2Z) + (R12R13 −R13R32)2G(M2h1 ,M2h3 ,M2Z)
+(R22R33 −R32R32)2G(M2h2 ,M2h3 ,M2Z) + (R11)2Ĝ(M2h1 ,M2Z) (B4)
−Ĝ(M2href ,M2Z) + (R21)2Ĝ(M2h2 ,M2Z) + (R31)2Ĝ(M2h3 ,M2Z)
−2log(M2H±) + log(M2A) + log(M2H) + log(Mh1)2 − log(Mhref )2 + log(Mh2)2 + log(Mh3)2
}
,
where used functions are defined as:
F (M21 ,M
2
2 ) =
1
2
(M21 +M
2
2 )−
M21M
2
2
M21 −M22
log(
M21
M22
), (B5)
G(m1,m2,m3) =
−16
3
+
5(m1 +m2)
m3
− 2(m1 −m2)
2
m23
+
3
m3
[
m21 +m
2
2
m1 −m2 −
m21 −m22
m3
+
(m1 −m2)3
3m23
]
log
m1
m2
+
rf(t, r)
m33
, (B6)
The function f of
t ≡ m1 +m2 −m3 and r ≡ m23 − 2m3(m1 +m2) + (m1 −m2)2 (B7)
is given by
f(t, r) =

√
r ln | t−
√
r
t+
√
r
| r > 0,
0 r = 0,
2
√−r arctan
√−r
t
r < 0,
(B8)
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and
Ĝ(m1,m2) =
−79
3
+ 9
m1
m2
− 2m
2
1
m22
+
(
−10 + 18m1
m2
− 6m
2
1
m22
+
m31
m32
− 9m1 +m2
m1 −m2
)
log
m1
m2
+ (12− 4m1
m2
+
m21
m22
)
f(m1,m
2
1 − 4m1m2)
m2
. (B9)
Appendix C: Benchmarks
Based on analysis done in section III G we propose four benchmark points to be used in
DM analysis9. Chosen values of masses of Higgs particles and corresponding parameters are
listed in Table I. We also present rotation matrices RAi for each benchmark. These matrices
diagonalize the scalar mass matrix, M2mix in the following way,
M˜2 = RAiM
2
mixR
T
Ai = diag(M
2
h1
,M2h2 ,M
2
h3
). (C1)
Mh1 Mh2 Mh3
A1) 124.838 194.459 239.994
A2) 124.852 288.161 572.235
A3) 125.011 301.407 1344.01
A4) 125.364 149.889 473.953
λ1 λs1 Λ1 ρ2 ρ3 ξ
A1) 0.2579 0.2241 -0.0100 0.0881 0.1835 1.4681
A2) 0.2869 0.8894 -0.1563 0.6892 0.6617 0.8997
A3) 0.2816 0.8423 -0.1391 0.7010 -0.5150 1.4758
A4) 0.2830 0.6990 0.0928 0.3478 0.2900 0.4266
Table I: In the first subtable we show the masses of the scalars in GeV. In the second, the
values of Higgs sector dimensionless parameters from the scalar potential are listed.
9 In tables in appendices C and D we are listing parameters with a larger precision to allow the reader to
reproduce our results.
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RA1 =
 0.999465 0.00682726 0.0319988−0.0324672 0.328031 0.944109
−0.0040509 −0.944642 0.328077
 . (C2)
RA2 =
 0.987153 0.0555822 0.149795−0.159095 0.255572 0.95361
0.0147203 −0.965191 0.261131
 . (C3)
RA3 =
 0.990547 0.0252929 0.134822−0.137173 0.186514 0.972829
−0.000540612 −0.982127 0.188221
 . (C4)
RA4 =
 0.90504 −0.0113276 −0.4251760.424229 −0.0477451 0.904295
−0.0305436 −0.998795 −0.0384057
 (C5)
Appendix D: Values of S, T and Rγγ ,RZγ for studied cases
Table II presents values of oblique parameters S and T for chosen values of masses studied
in the paper. The 3σ bounds are:
− 0.28 < S < 0.38, −0.30 < T < 0.48, −0.32 < U < 0.34. (D1)
Table III, IV and V contain values of Rγγ and RZγ for different values of DM mass, for
benchmarks A1-A4. All those points are in agreement with collider and DM constraints.
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